The enzyme methylenetetrahydrofolate reductase (MTHFR) is a part of the homocysteine and folate metabolic pathways, affecting the methylations of DNA, RNA, and proteins. Mthfr deficiency was reported as a risk factor for neurodevelopmental disorders such as autism spectrum disorder and schizophrenia. Neonatal disruption of the GABAergic system is also associated with behavioral outcomes. The interaction between the epigenetic influence of Mthfr deficiency and neonatal exposure to the GABA potentiating drug vigabatrin (GVG) in mice has been shown to have gender-dependent effects on mice anxiety and to have memory impairment effects in a genderindependent manner. Here we show that Mthfr deficiency interacts with neonatal GABA potentiation to alter social behavior in female, but not male, mice. This impairment was associated with a gender-dependent enhancement of proteins implicated in excitatory synapse plasticity in the female cortex. Reelin and fragile X mental retardation 1 protein (FMRP) levels and membrane GluR1/GluR2 ratios were elevated in wild-type mice treated neonatally with GVG and in Mthfr + /À mice treated with saline, but not in Mthfr + /À mice treated with GVG, compared with control groups (wild type treated with saline). A minor influence on the levels of these proteins was observed in male mice cortices, possibly due to high basal protein levels. Interaction between gender, genotype, and treatment was also observed in the GABA pathway. In female mice, GABA Aa2/gephyrin ratios were suppressed in all test groups; in male mice, a genotype-specific enhancement of GABA Aa2/gephyrin was observed. The lack of an effect on either reln or Fmr1 transcription suggests posttranscriptional regulation of these genes. Taken together, these findings suggest that Mthfr deficiency may interact with neonatal GABA potentiation in a gender-dependent manner to interrupt synaptic function. This may illustrate a possible mechanism for the epigenetic involvement of Mthfr deficiency in neurodevelopmental disorders.
INTRODUCTION
Methylenetetrahydrofolate reductase (MTHFR) is a regulatory enzyme involved in the homocysteine and folate metabolic pathways. MTHFR directs folic acid either to nucleotide synthesis or to the methylations of DNA, RNA, proteins, and lipids by converting homocysteine to methionine, and subsequently synthesizing the methyl donor S-adenosylmethionine (SAM).
The 677C4T variant is a polymorphism in the Mthfr gene leading to reduced activity and impaired folate status of the enzyme, and it is a common genetic cause of mild hyperhomocysteinemia under impaired folate status (Frosst et al, 1995; Jacques et al, 1996; Kluijtmans et al, 2003) . The Mthfr polymorphism has been associated with neurodevelopmental disorders such as schizophrenia (Gilbody et al, 2007; Regland et al, 1997; Feng et al, 2009; Vares et al, 2010) and autism (Boris et al, 2004; Goin-Kochel et al, 2009) .
In mice, MTHFR activity is absent in Mthfr-deficient homozygous mice and reduced to 60-70% of that of wildtype (WT) littermates in heterozygous mice. This level of MTHFR enzymatic activity is comparable to the levels of activity observed in human beings with the 677C4T polymorphism. Both heterozygous and homozygous mice exhibit hyperhomocysteinemia and reduced global DNA methylation compared with WT littermates (Chen et al, 2001) .
Several antiepileptic drugs (AEDs) have been shown to interfere with homocysteine-folate metabolism, increasing homocysteine levels and decreasing those of folate, either dependent or independent of the presence of the 677C4T Mthfr mutation (Ono et al, 2002; Sener et al, 2006; Vilaseca et al, 2000; Vurucu et al, 2008; Yoo and Hong, 1999) . The effects of the newer anticonvulsants on homocysteine-folate metabolism, however, are not as extensively documented.
AEDs act via a variety of mechanisms, and the members of one AED category potentiate the efficacy of the GABAergic system. In the immature brain, GABA is a developmental signal involved in various aspects of cell cycle, migration, morphogenesis, and synaptogenesis (Wang and Kriegstein, 2009) . Vigabatrin (GVG) is a new class of AED that blocks GABA degradation by inhibition of GABA transaminase (Mumford and Cannon, 1994) . Neonatal exposure to GABA-potentiating drugs, at the age when GABA is converted from a depolarizing to a hyperpolarizing agent, was previously shown to induce long-lasting behavioral consequences, including learning and memory impairment in human and animal models (Dessens et al, 2000; Qume et al, 1995; Qiao et al, 2000; Levav et al, 2004 Levav et al, , 2008 Volpe, 2001 ) and modified synaptogenesis in mice (Levav et al, 2008) .
We have previously reported the behavioral consequences of Mthfr deficiency and the combination between the Mthfr + /À genotype and neonatal exposure to the GABApotentiating drug GVG in mice. An analysis of mice exploration in an open-field test revealed gender-dependent effects of Mthfr + /À genotype and treatment. In contrast, recognition memory was impaired similarly by Mthfr + /À genotype and GVG treatment in both genders (LevavRabkin et al, 2011) .
Autism and schizophrenia are multifactorial disorders in which multi-gene inheritance and epigenetic factors are involved. Among the candidate genes, reln has an important role in brain development and synaptic plasticity. The reelin signaling pathway via apolipoprotein E receptor 2 and very low-density lipoprotein receptor, mediated by Disabled1 (Dab1) phosphorylation, promotes spine and synapse development and maturation (Niu et al, 2004; Qiu and Weeber, 2007) , as well as synaptic plasticity Pujadas et al, 2010) via regulation of PSD95 and NMDA and AMPA receptors (AMPARs) (Niu et al, 2008; Qiu et al, 2006) . Another gene associated with autism, fragile X mental retardation 1 (Fmr1), is involved in the regulation of dendritic spine shape and function (Bagni and Greenough, 2005; Weiler and Greenough, 1999) . Fmr1 protein (FMRP) particularly regulates the local synthesis of the AMPAR subunits GluR1 and their trafficking to the synapse (Suvrathan et al, 2010; Nakamoto et al, 2007; Hu et al, 2008) .
As both reln and Fmr1 gene transcriptions are regulated by CpG methylation of a tri-nucleotide repeat in the promoter region (Dong et al, 2005; Hansen et al, 1992) and both play central roles in spine formation and glutamatergic synapse function, we hypothesized that the levels of these proteins will be modified in Mthfr-deficient mice. Moreover, altered regulation of these proteins may affect the levels and compartmentalization of glutamate receptors.
To further characterize the behavioral outcome in the Mthfr heterozygote mice, we examined their sociability . Subsequently, the levels of reelin, FMRP, and associated proteins in cytoplasmic and plasma membrane-enriched fractions were measured. Finally, we examined the possibility that DNA methylation status is involved in the regulation of these genes.
METHODS

Study Design
Offspring of mice on a Balb/cAnNCrlBR background (kindly provided by Prof. Rima Rozen, McGill University, Montreal, QC, Canada) were marked by toe clipping on postnatal day (P) 4 and randomly assigned to one of four groups: WT and Mthfr + /À mice injected with either saline (Sa-WT, Sa-Mthfr + /À) or GVG (GVG-WT, GVGMthfr + /À). Treatment was applied daily during the light cycles of P4-10 by subcutaneous injections of saline or GVG (50 mg/kg; Sigma-Aldrich, St Louis, MO) in a volume of 50 ml. All mice tested were the offspring of an Mthfr + /À female and a WT male. A maximum of two offspring from each litter were included in a group to reduce the effects of litter maternal care and to increase variability. In all experiments, female mice were tested regardless of their estrus cycle status. The mouse colony was maintained in a 12 : 12 h light/dark schedule; food and water were provided ad libitum. All procedures were performed according to guidelines of the Israeli Council on Animal Care and approved by the Animal Care and Use Committee of Ben-Gurion University of the Negev.
Mthfr Genotyping
Offsprings were genotyped as described previously (Chen et al, 2001) , using polymerase chain reaction (PCR) amplification of DNA isolated from toe clips. The three primers used in the PCR analysis were as follows: sense primer 1 (5 0 -GAAGCAGAGGGAAGGAGGCTTCAG-3 0 ) in exon 3, sense primer 2 (5 0 -AGCCTGAAGAACGAGATCAGCAG C-3 0 ) in the neo r gene, and antisense primer 3 (5 0 -GACTA GCTGGCTATCCTCTCATCC-3 0 ) in intron 3.
Subcellular Fractionation
Subcellular fractionation was performed as described by Huttner et al (1983) and Berton et al (2000) . Mouse cerebral cortex was homogenized in the presence of protease inhibitors (Sigma-Aldrich) with a hand grinder (15 strokes) in 0.3 ml homogenization buffer (0.32 M sucrose, 5 mM Tris-base, pH 7.4). Homogenates were centrifuged for 10 min at 800 g. The resulting supernatant was collected and centrifuged for 15 min at 9200 g, and the supernatant obtained (S2) was used as the crude cytoplasmic fraction. The pellet was suspended in 25 ml homogenization buffer and centrifuged for 15 min at 10 200 g to yield a supernatant and the crude synaptosomal fraction (P2 0 ). A dilution of P2
0
(1 : 9 ratio) in ice-cold water was subjected to several strokes, and 1 M Tris-base (pH 7.4) was added to the resulting P2 0 -lysate (L), which was kept on ice for 30 min. The lysate was centrifuged for 30 min at 25 000 g to yield a plasma membrane-enriched fraction (LP1). The samples were kept at 41C during the entire fractionation process.
Immunoblot Analysis
Proteins were separated by 6 and 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions. Membranes were probed with the following primary antibodies: rabbit-anti-GAD65/67
(1 : 5000), rabbit anti-GluR1 (1 : 1000), mouse anti-FMRP (1 : 2500; Chemicon International, Temecula, CA), mouse anti-GABA A, a2 subunit (1 : 1000), mouse anti-reelin (1 : 1000), rabbit anti-Dab1 (1 : 2000; Abcam, Austin, TX), mouse anti-gephyrin (1 : 10 000; Synaptic System, Goettingen, Germany), and mouse anti-b-actin (1 : 10 000; SigmaAldrich). Goat anti-mouse IgG (1 : 10 000; Chemicon International) and goat anti-rabbit IgG horse-radish peroxidase (HRP)-conjugated secondary antibody (1 : 5000-1 : 10 000; Upstate, Lake Placid, NY) were used for detection. Visualization was obtained with an enhanced chemiluminescence system by XRS Chemiluminescence imager (Bio-Rad). Quantification was performed with the TINA software (Raytest, Straubenhardt, Germany). The results of each trial were normalized to the trial mean. In the reelin analysis, where three fragments were detected, the reelin/ actin ratio was normalized separately for each fragment. Two to four independent repeats of each sample was averaged (each repeat included a duplicate of each sample). All immunoblot results represent the crude cytoplasmic fraction, unless otherwise stated.
Real-Time PCR
RNA was isolated using RNA isolation kit-EZ-RNA (Biological Industries, Beit Haemek, Israel). RNA samples were quantified using a Nanodrop Spectrophotometer (Nanodrop Technologies). Synthesis of cDNA was performed using the High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems) in a PCR-T personal thermocycler (Biometra, Goettingen, Germany). Triplicate Q-PCR amplifications were performed using 2 ml of cDNA in a total volume of 50 ml using Real-Time PCR-KAPA SYBR FAST qPCR Kit (Kapa Biosystems, Cambridge , MA), and specific primers were targeted using conditions defined in preliminary experiments. All assays were performed as realtime Q-PCR using actin as a normalizer. For primer details see Supplementary Material 1. Assays were run on an iCycler, My IQ (Bio-Rad).
Methylation Analysis of Genomic Fmr1 Gene
Genomic DNA was extracted from mouse brain using the Puregene kit provided by Gentra. DNA was digested by a combination of the methylation-sensitive enzyme EagI and the methylation-insensitive enzyme EcoRI. Digested fragments were separated by electrophoresis on a 2.4% agarose gel, transferred to a positively charged membrane, and probed with a 569 bp DIG-labeled probe that hybridized to a sequence adjacent to the CGG repeat region in the 5 0 -UTR of Fmr1. Primers used to prepare the probe were as follows: forward, 5 0 -GTTCTGGCACACCCTATTGGC-3 0 ; reverse, 5 0 -CCTGTAAACAGTCAAACGATG-3 0 . Anti-DIG HRP antibody was used to visualize the probe. A fragment of 3163 bp indicates that the 3361 locus in the tested region is methylated (according to NCBI gi: 149271867). A fragment of 1159 bp indicates that the 3361 locus is unmethylated.
Protein Methylation Assay
Supernatants of the tissue lysate 60 mg of protein were incubated for 60 min at 371C in a total volume of 30 ml with
.4 mCi/mmol, in sulfuric acid : ethanol (9 : 1), pH 2.5-3.5) in 150 mM HEPES buffer adjusted to pH 7.5 with Tris-base.
SDS gel sample buffer was added to the samples, which were then heated at 1001C for 3 min. Proteins were separated by SDS-PAGE on 6 or 7%, 0.75-mm-thick gel and transferred onto the BioTrace nitrocellulose membrane, which was exposed to Kodak BioMax MS film at À801C to obtain an autoradiograph.
Adult Mouse Behavior
Behavior of mice aged 16 weeks was videotaped and analyzed off-line with the Etho-vision Pro software (Noldus, the Netherlands). A week before the test, mice were separated to individual cages and handling was performed daily by the same experimenter who later performed the test. Mice were tested between 16:00 and 20:00 hours. The chambers were cleaned between trials with 70% ethanol.
Olfactory Test
Mice were removed from their cage and a cheese cube (1 cm 2 ) was hidden in the cage bedding. Mice were put back in the cage, and the latency to locate the cheese was measured (Crawley, 1999) .
Preference for Social Novelty Test
Initiation of social interaction was examined in a threechambered apparatus in which each chamber measured 40 Â 20 Â 22 cm 3 ( Figure 1a ). Divider panels separated the center chamber from two identical side chambers. On the first day of the test, one of the chambers contained a cage with an unfamiliar adult mouse (Stranger1), whereas the other identical chamber contained an empty wire cage (Empty). Stranger1 had the same genetic background and gender as the subject mouse and had been habituated to the cage before the test.
The tested animal was placed in the middle compartment with the dividers closed for a 10-min adaptation period. The dividers were then raised, allowing the test subject to freely explore all three chambers over a 10-min test session. The wire cage was designed to ensure that initiation of social contact be made only by the test subject.
On the following day, preference for social novelty ( Figure 1b ) was evaluated. The original stranger mouse (Stranger1, now familiar mouse) remained in its cage on one side of the apparatus. An unfamiliar mouse (Stranger2) was placed in the wire cage in the opposite, previously empty chamber ( Figure 1a ). Measurements identical to those in the sociability test were scored in chambers Stranger1 (now familiar mouse), Center, and Stranger2 (unfamiliar mouse) (Crawley, 2007; Nadler et al, 2004) .
Statistical Analysis
Statistical analyses were performed using the SPSS 14.0 software. A one-way analysis of variance, with a post hoc Dunnett's T3 test, was used to compare experimental and control groups. Univariate general linear model analysis was used to test the effects of, and interactions between, two independent variables (genotype and treatment) or three independent variables (genotype, treatment, and gender). A two-tailed Student's t-test was used for statistical evaluation of the continuous variables when a comparison was performed between two groups and for a single time point. A w 2 -test was used to statistically evaluate distributions for two-group comparisons. Differences with a p-value o0.05 were regarded as significant. Results are presented as the mean ± SEM.
RESULTS
Preference for Social Novelty
As both the Mthfr-deficient background and the AED treatment have been shown to be associated with autisticlike behavior (Boris et al, 2004; Rasalam et al, 2005) , we measured the effects of the genotype and neonatal GVG treatment on sociability. Before the social interaction tests, a gross sensory measurement for olfaction was performed to ensure proper olfactory communication. Latency to locate a hidden cheese cube was similar among all male groups and among all female groups (Supplementary Material 2).
On the first day of the social preference test, mice were introduced into a three-chambered environment containing a Stranger mouse (S1), a central chamber (C), and a chamber with an empty cage (E). A diagram of the setting is presented in Figure 1a . An example of social preference on the first day of the test, indicated by an increased duration of time spent in the Stranger1 chamber compared with the empty chamber, is illustrated as 2D and 3D heat maps in In the social interaction test, mice were introduced on the first day to a three-chambered environment containing a stranger mouse, a central chamber, and a chamber with an empty cage (a). On day 2, mice were tested for preference for social novelty (b), in which mice were introduced to the same three-chambered environment containing the original stranger mouse (Stranger1), a central chamber, and a chamber with an unfamiliar mouse (Stranger2). The duration of time the mice spent at each location of the apparatus is illustrated by a heatmap (maximum valueFred; minimal valueFblue). An example of social preference, indicated by an increased duration of time spent in Stranger1 chamber compared to empty chamber, is illustrated in (c, upper view) and (d, side view). An example of lack of social preference, indicated by a similar time spent in Stranger1 chamber vs empty chamber, is depicted in (e, upper view) and (f, side view).
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Balb/c mice and related strains, such as Balb/cByJ and Balb/cAnNCrlBR, the last of which we tested in this study were reported to present low sociability (Moy et al, 2007 (Moy et al, , 2008 Panksepp et al, 2008; Chen et al, 2009; Jacome et al, 2011) . In agreement with Moy et al (2007) , on day 1 the control (Sa-WT) group spent more time in the central compartment, avoiding both the Stranger1 and the empty cage compartments, indicating high levels of anxiety. Further analysis of sniffing time or the percent of social mice (those showing greater interest in the mouse compared with the empty cage) vs asocial mice (greater interest in the empty cage compared with the mouse) (Moy et al, 2008) showed that the behavior of all experimental groups was asocial for these two variables (see Supplementary Material 2). Genotype or treatment did not influence mice sociability on the first day.
On the basis of the analysis of different mouse strains showing asocial behavior on the first but not the second day of the test, Moy et al (2007) , suggested that the behavior of the mice in these two tests is mediated by different background genes.
On the second day, mice were tested for preference for social novelty (a setting of the test apparatus is shown in Figure 1b) .
The female mice of the Sa-WT group showed a preference for the unfamiliar mouse (Stranger2) compartment. The female mice of all test groups displayed a different distribution pattern of duration in the chambers (po0.0001, w 2 -tests for each group compared to Sa-WT; Figure 2a ).
In male mice, the distribution pattern of duration in the familiar mouse (Stranger1), center, and unfamiliar mouse (Stranger2) chambers was similar for Sa-WT, GVG-WT, and Sa-Mthfr + /À groups (p40.05, w 2 -tests for each group compared with Sa-WT; Figure 2b ), whereas the distribution differed between Sa-WT and GVG-Mthfr + /À mice (po0.01, w 2 -test; Figure 2b ), which spent more time in the unfamiliar Stranger2 chamber than in the familiar Stranger1 chamber (po0.01, t-test; Figure 2b ), a behavior which may indicate recognition of the familiar mouse and interest in the novel mouse.
Overall, social preference of female mice was affected by genotype, treatment, and the genotype-drug combination, and that of male mice was influenced by the combination of genotype and treatment.
Influence of Mthfr Genotype and GVG Treatment on Reelin Signaling Proteins
Females. Altered social behavior characterizes neurodevelopmental disorders such as autism and schizophrenia. An important protein associated with these disorders is reelin (Skaar et al, 2005; Serajee et al, 2006) . The reelin pathway modulates synaptic activity and synaptic plasticity Pujadas et al, 2010) . Upon secretion, reelin is cleaved into several fragments. The antibody used in this study detects three reelin fragments, 180 kDa, B300 kDa, and the full-length protein, B400 kDa (Figure 3) . In female cerebral cortex, an interaction between the effect of neonatal GVG treatment and the Mthfr + /À genotype was detected for the heavy reelin fragments, whereas the 180-kDa protein was insensitive to treatment or genotype (reelin 300 kDa, genotype Â treatment, F ¼ 72.8, po0.0001; 400 kDa, F ¼ 42.4, po0.0001). An enhancement of the 300-kDa protein by GVG and by genotype to 195 and 239% of control was observed in GVG-WT and Sa-Mthfr + /À groups, respectively. Levels of the 400-kDa protein increased to 154 and 193% of control, respectively. In both the 300-kDa and the full-length proteins, the combination of the Mthfr + /À genotype and neonatal GVG treatment abolished the effect of genotype and treatment, and protein levels were 86 and 99% of control, respectively (Figure 3a) . On the other hand, levels of Dab1, a reelin signaling protein, were not affected by either GVG or genotype alone, but the effect of GVG and genotype together tended to decrease Dab1 levels, which were 64% of control (Figure 3c ).
Thus, in female cortex, reelin signaling was susceptible to the interaction between the Mthfr + /À genotype and neonatal GVG treatment: each of these factors alone enhanced the pathway, but their combination may attenuate the response to reelin.
Males. In male cerebral cortex, reelin fragment levels were similar in all groups, whereas levels of the full-length protein were potentiated by genotype (156% of control). This change in reelin levels was canceled when heterozygote mice were treated by GVG (Figure 3b ), indicating an interaction between treatment and genotype (F ¼ 6.9, po0.02).
Alternatively, the Mthfr + /À genotype decreased Dab1 levels, independent of GVG treatment (genotype effect, S1 C S2 S1 C S2 S1 C S2 S1 C S2 S1 C S2 S1 C S2 S1 C S2 S1 C S2 ¼ 26.7, po0.0001) , to 61 and 60% of control in the Sa-Mthfr + /À and GVG-Mthfr + /À groups, respectively (Figure 3c ). Thus, reelin signaling in the cerebral cortex was differentially affected in female and male mice. Although in female mice reelin was enhanced by the effects of either GVG treatment or genotype alone and it may be suppressed by their combination, among male mice only the Mthfr + /À mice were affected.
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Effect of Mthfr Genotype and GVG Treatment on Synaptic Proteins
Females. Proteins such as FMRP that regulate excitatory synapses have been associated with autism spectrum disorder (Chonchaiya et al, 2009 ). An example of an FMRP blot is shown in Figure 4 . In female mice, cerebral cortex FMRP levels were enhanced by treatment (F ¼ 4.45, po0.05) and indicated an interaction between treatment and genotype (F ¼ 7.7, po0.02). An increase in FMRP levels was observed in GVG-WT and Sa-Mthfr + /À mice (199%, 159% of Sa-WT group, respectively), whereas neonatal GVG given to the Mthfr + /À group prevented this effect ( Figure 4a ). FMRP is known to regulate GluR1 levels in synapses through the regulation of local synthesis. GluR1 levels in the cytoplasmic fraction of female cortex were not sensitive to either treatment or genotype ( Figure 4b) .
As a large portion of receptor proteins are found in the plasma membrane (Figure 4c) , we tested the ratio between two AMPAR subunits, GluR1 and GluR2, in the plasma membrane-enriched fraction. The GluR1/GluR2 ratio showed an interaction between genotype and treatment (F ¼ 13.15, po0.001). The ratio was significantly higher in the GVG-WT and Sa-Mthfr + /À groups compared with control (139 and 162%, respectively), whereas in the heterozygote GVG-treated mice, GluR1/GluR2 was similar to control (Figure 4c ).
Males. When the levels of FMRP in male cortex were examined, neither treatment nor genotype had any significant effect. However, GVG significantly modified GluR1 levels in the cytoplasmic fraction in a genotype-dependent manner. Although in WT mice GluR1 levels were potentiated by GVG (149% of control), interaction with the Mthfr + /À genotype caused a significant decrease in GluR1 levels in male cortex (77% of control; Figure 4b ). Similar GluR1/GluR2 ratios in the cerebral cortex plasma membrane-enriched fraction were detected in all male groups (Figure 4c) .
Overall, the levels and distribution of the tested proteins critical for excitatory synapse function were markedly modified in female mice. Altered levels were found following neonatal GVG treatment and in the Mthfr + /À female mice, but not in GVG-treated Mthfr + /À female mice. Minor effects were observed in male mice of all groups.
Female vs male. The remarkable difference in the sensitivity of components involved in the excitatory synapse function to genotype and treatment, in female compared with male mice, may be due to differences in the basal levels of these proteins in the female and male cortices. To address Figure 3 Effects of gender, genotype, and drug on reelin and Dab1 levels in the cerebral cortex. An example of a reelin immunoblot of the female cortex is shown; the full-length protein, B400 kDa, and two products of proteolysis, B300 and 180 kDa, were detected by the G-10 anti-reelin antibody. Protein levels were normalized to actin. Reelin levels in female (a) and male (b) cerebral cortex cytoplasmic fractions. Female: reelin 300 kDa, effect of genotype Â treatment, F ¼ 72.8, po0.0001; 400 kDa, F ¼ 42.4, po0.0001, male: genotype Â treatment, 400 kDa, F ¼ 6.9, po0.02. An example of Dab1 in the male cortex and levels of Dab1 normalized to actin in female and male mice (c). Male: genotype effect, F ¼ 26.7, po0.0001. n ¼ 7-8 in each group. Results are presented as mean ± SEM.
Gender-dependent effect of MTHFR and GVG E Blumkin et al this possibility, we compared the levels of FMRP, GluR1, and GluR2 in Sa-WT female and Sa-WT male cortices. FMRP levels were significantly elevated in the cytoplasm fraction of Sa-WT male cortex compared with Sa-WT female cortex (216% for female mice, po0.0001; Figure 5a ). This was associated with a tendency for increased cytoplasm levels of GluR1 and GluR2 in Sa-WT male mice compared with Sa-WT female mice (data not shown). Furthermore, the GluR1/GluR2 ratio obtained in the membrane-enriched fraction of Sa-WT male mice was higher compared with Sa-WT female mice (156.4% of female ratio, po0.03; Figure 5B ).
Effect of Mthfr + /À Genotype and GVG Treatment on Reln and Fmr1 Expression
Reln expression was tested by real-time PCR to explore the source of change in female cortex reln levels. The expression of reln in female cortex did not change in all tested groups (Figure 5c ). Similar expression levels of Fmr1 were found in the cortices of all female groups (Figure 5d ).
Fmr1 expression is regulated by, among other mechanisms, DNA methylation. As hypomethylation has been reported in Mthfr + /À mice (Chen et al, 2001) , we explored the possible effects on Fmr1 methylation patterns in female cortex. Methylation of the Fmr1 3361 locus adjacent to the 5 0 -UTR CGG repeat region was tested. This site was selected because in human beings, methylation of a homolog site predicts methylation of the CGG repeat region and the adjacent promoter of the Fmr1 gene (Snow et al, 1993) , which ultimately correlates with the silencing of the gene.
The pattern of methylation at this site in the Mthfr + /À samples was normal, as indicated by the presence of the two gene fragments of 3163 and 1159 bp (Figure 5e ). This pattern indicates that one allele of the gene underwent methylation controlled by the X-inactivation mechanism, whereas the other allele remained unmethylated, thus corresponding to the 3163-and 1159-bp fragments, respectively. This result is consistent with the lack of observed differences in Fmr1 expression in female cortex.
GABA Pathway in the Cerebral Cortex
Females. Social behavior is considerably altered by cortical inhibitory circuitry (Lewis et al, 1999) . Moreover, neonatal modulation of GABA levels induced by GVG was previously shown to have long-term consequences for the GABA pathway (Levav-Rabkin et al, 2010) . Therefore, we examined the effect of genotype and drug treatment on GABA pathway proteins. Increased levels of the GABA-synthesizing enzyme GAD65 were observed in the Sa-Mthfr + /À female mice, but not in the GVG-Mthfr + /À group (genotype effect, F ¼ 6.1, po0.02; Figure 6a ). We then examined the postsynaptic elements of the GABA A synapse, the GABA Aa2 subunit, and the scaffolding protein gephyrin, the latter of which is critical for the assembly of GABA A receptors in the inhibitory synapse, in the female cerebral cortex.
GVG treatment induced a significant decrease in GABA Aa2 levels independent of genotype in female mice (F ¼ 9.01, po0.01; Figure 6b ). GVG treatment reduced Figure 4 Effects of gender, genotype, and drug on fragile X mental retardation 1 protein (FMRP) and glutamate receptor (GluR) levels in the cerebral cortex. An example of an FMRP immunoblot of the cytoplasmic fraction from the female cortex (a). Protein levels in cytoplasmic fractions were normalized to actin. FMRP (a) and GluR1 (b) levels in female and male cerebral cortex cytoplasmic fraction. Female FMRP: effect of treatment, F ¼ 4.45, po0.05; effect of treatment Â genotype, F ¼ 7.7, po0.02. An example of a GluR1 immunoblot of the cytoplasmic fraction (S2) and the membrane-enriched fraction (LP1), indicating that the GluR1 protein is enriched in the LP1 fraction (c). The GluR1/GluR2 ratio in the LP1 fraction of female and male mice (c). Female GluR1/GluR2 in LP1 fraction; effect of genotype Â treatment, F ¼ 13.15, po0.001. n ¼ 7-8 in each group. Results are presented as mean ± SEM. gephyrin levels in the cytoplasmic fraction of female cortex (F ¼ 16.1, po0.001), and in female cortices in the Mthfr + /À genotype group, significantly decreased levels of gephyrin were observed (F ¼ 40.16, po0.0001). Moreover, treatment and genotype interact, increasing Mthfr + /À female susceptibility to GVG treatment (treatment Â genotype: F ¼ 5.03, po0.05; Figure 6c ).
GVG-Mthfr+/-GVG-Wt
The ratio between GABA Aa2 and gephyrin in the plasma membrane-enriched fraction extracted from female cortex was significantly suppressed by GVG (F ¼ 10.01, po0.005) and in the Mthfr + /À genotype mice (F ¼ 44.7, po0.0001) and in GVG-Mthfr + /À genotype combination mice (67, 47, and 52% of control, respectively) (Figure 5d ). An interaction between treatment and genotype was observed (F ¼ 13.01, po0.002).
Males. In male cortex, levels of the presynaptic-synthesizing enzyme GAD65 were reduced in the Sa-Mthfr + /À mice, whereas the combination of GVG and Mthfr + /À prevented this effect (Figure 6a) . Levels of the postsynaptic proteins GABA Aa2 and gephyrin were not sensitive to Mthfr + /À genotype and treatment. On the other hand, the GABA Aa2/ gephyrin ratio potentiated in the plasma membrane of Mthfr genotype mice to 134 and 189% of the control group in the Sa-Mthfr + /À and GVG-Mthfr + /À groups, respectively (genotype effect: F ¼ 14.2, po0.02 and genotype Â treatment interaction: F ¼ 8.2, po0.01; Figure 6d) .
Overall, the GABA pathway was modified by the Mthfr + /À genotype and by neonatal GVG treatment in a gender-dependent manner such that the components affected in female and male mice differed. Effects of gender and genotype on protein, mRNA, and DNA methylation in the cerebral cortex. Fragile X mental retardation 1 protein (FMRP) levels in the S2 fraction were compared in male and female mice cerebral cortices (a). The glutamate receptor (GluR)1/GluR2 ratio in the plasma membrane-enriched fraction (LP1) fraction in male and female mice was compared (b). n ¼ 5 in each group. Real-time PCR analysis of reln and Fmr1 in female cortex (c and d, respectively). n ¼ 8-9 in each group. (e) An example of a Southern blot DNA was digested by a combination of the methylationsensitive enzyme EagI and the methylation-insensitive enzyme EcoRI. DNA was probed with a 569-bp DIG-labeled probe that hybridized to a sequence adjacent to the CGG repeat region in the 5 0 -UTR of Fmr1. Results are presented as mean ± SEM. *po0.0001; **po0.05.
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Effect of Mthfr + /À Genotype and GVG Treatment on Protein Methylation in the Female Brain
MTHFR deficiency interferes with the levels of SAM, a major methyl donor for protein, RNA, and DNA methylation, and protein function may be modulated by methylation. We performed a methylation assay on proteins extracted from tissue homogenates of female mice. An example of the results is shown in Figure 7a . An intense radiolabel was detected in P4 knockout brain homogenate (lanes 2 and 4), a lower intensity was obtained in P4 WT, whereas P120 WT exhibited a very light radiolabel, as expected from the age-dependent increase in protein methylation in P120 WT mice. Samples of all tested groups (P120) were compared, and no significant differences were detected between the various groups (Figure 7b ). Line intensity analyses were performed for the cortex, hippocampus, and cerebellum homogenates (Figures 7c-e, respectively) . The female cortex radiolabel in all treatment groups was similar to that of the Sa-WT group (Figure 7c ).
DISCUSSION
This is the first reported study of molecular changes induced by the interaction between gender, Mthfr deficiency, and neonatal exposure to the AED GVG. Genotype and treatment has a significant effect on female social preference. This behavioral outcome was associated with the cortical potentiation of reelin levels and altered the proportions of important proteins in the excitatory and inhibitory synapses. Most protein modifications occurred in the female cortex, however, with only negligible levels observed in the male cortex. The significant changes observed in excitatory and inhibitory synapse protein levels may underlie the mechanisms of social preference impairment and anxiety previously observed in the tested mice. The susceptibility of the developing brain to Mthfr deficiency has not been appreciated until recently, when an increasing number of reports began to suggest it as a risk factor for neurodevelopmental disorders such as schizophrenia and autism. Although an interaction between Mthfr deficiency and AEDs has been suggested to enhance the effect of AEDs on offspring (Dean et al, 1999) , a study in Mthfr heterozygote mice showed that an interaction between the AED valproic acid (VPA) and Mthfr deficiency diminished VPA-induced neural tube defects, owing to the upregulation of Mthfr expression by VPA (Roy et al, 2008) .
The effects of the newer anticonvulsants on homocysteine-folate metabolism are not as extensively documented. GVG, which inhibits GABA transaminase, is known for the specificity of its effect on neuronal function (Mumford and Figure 6 Effects of gender, genotype, and drug on g-aminobutyric acid (GABA) pathway proteins in the cerebral cortex. The levels of GAD65 (a), GABA Aa2 (b), and gephyrin (c) levels normalized to actin levels in the cytoplasmic fractions of female and male cerebral cortices. Female, GAD65: effect of genotype F ¼ 6.1, po0.02. GABA Aa2: effect of vigabatrin (GVG), F ¼ 9.01, po0.01. Gephyrin: effect of GVG, F Gender-dependent effect of MTHFR and GVG E Blumkin et al Cannon, 1994) . However, when given to pregnant mice, it was shown to alter methionine levels in mice plasma and placenta (Abdulrazzaq et al, 2001 (Abdulrazzaq et al, , 2005 . Although GVG only has a short-term effect on GABA and methionine levels, when it occurs during neurogenesis, it may have long-lasting consequences for the developing brain. The findings of this study suggest a possible interaction of GVG with Mthfr deficiency. All mice presented low sociability, while control male mice also exhibited a lack of interest in situations of social novelty. This result is not surprising considering that the mutant mice were generated on a Balb/c background (Moy et al, 2007; Panksepp et al, 2008; Chen et al, 2009; Jacome et al, 2011) . Moreover, different mouse strains showed asocial behavior on the first, but not the second day of the test, suggesting that the behavior of the mice in the different phases of the test is mediated by different background genes (Moy et al, 2007 (Moy et al, , 2008 . Our data support asocial behavior on the first day of the test regardless of treatment group. Social behavior of male and female mice in a similar paradigm was compared by Moy et al (2004) , using a limited number of strains. In these social strains, male and female mice behaved similarly. However, further studies indicated that these mice are not representative of all mice strains, particularly not of strains with low social interest. Recently, strain-dependent sex effects on social behavior were reported (Defensor et al, 2011) .
When comparing neonatal GVG treatment and Mthfr + /À genotypes in the current experiments, the effects of each of these factors alone on reelin or FMRP levels were similar, but when combined, the two factors had virtually no effect on protein levels. On the other hand, they had varied effects on the components of the inhibitory system.
Among the factors that contribute to the developmental regulation of AMPAR surface expression and subunit composition is the secreted protein reelin. The long-term , and P120 WT indicating protein hypomethylation in the MthfrÀ/À newborns, higher methylated protein status in P4 WT, and the higher level of methylation observed in the P120 WT mice (b). An example of radiolabeled protein of female hippocampus homogenate of all tested groups was shown. Line analysis of protein radiolabeled optical density cortex, hippocampus, and cerebellum (c, d, and e, respectively) . Each line represents the average value of three samples.
Gender-dependent effect of MTHFR and GVG E Blumkin et al effects of GVG and Mthfr deficiency on reelin levels suggest a possible influence on spine and synapse structure and function; in particular, reelin was shown to promote synaptic plasticity. The short-term application of reelin in cultured neurons influenced mainly the NMDA receptor subunits NR2A and NR2B Chen et al, 2005) , whereas the long-term application of reelin to cultured neurons specifically increased the surface expression of GluR1 and GluR2/3 (Qiu et al, 2006) . Moreover, mutant reeler mice have reduced levels of surface GluR1 expression and exhibit clustering (Qiu and Weeber, 2007) . Supplementation of reelin to reeler cultured neurons induced the externalization of GluR1, suggesting a direct link between reelin signaling and the surface expression of GluR1. In line with these reports, a correlation between high reelin levels and an enhanced GluR1/GluR2 ratio in the plasma membrane-enriched fraction was found in the cortex of GVG-treated and Mthfr + /À female mice. Dab1 levels in female cortex did not respond to the change in reelin.
In male cortex, modulation of the reelin signaling molecules is genotype dependent; enhanced levels of reelin full-length protein and decreased levels of Dab1 were observed. Despite the modified levels of Dab1, activation of the cellular signaling requires its phosphorylation (Howell et al, 1999; Morimura and Ogawa, 2009 ), which was not analyzed in this study.
Considering its gender and genotype outcomes on reelin and synaptic proteins, the Mthfr deficiency may modulate synaptic functions differently in female mice than that in male mice.
An additional regulator of AMPAR subunit synthesis and trafficking in neurons is FMRP, known as a suppressor of GluR1 and GluR2/3 local synthesis in dendritic spines (Muddashetty et al, 2007; Schutt et al, 2009) . FMRP also has a major role in the regulation of GluR1 and GluR2 internalization in dendritic spines, as FMRP levels correlate negatively with receptor internalization (Nakamoto et al, 2007) . In accordance with these reports, excess FMRP may result in a decreased local synthesis and an altered distribution of AMPARs in neurons and synapse membranes. Here, we observed in female mice that FMRP protein levels were enhanced either by GVG or by Mthfr + /À genotype, but not by their combination. Consistent with FMRP's role in the regulation of GluR1 and GluR2, the ratio between the GluR1 and GluR2 subunits in the plasma membrane was modified by GVG and Mthfr + /À genotype. It is possible that the effect of genotype and treatment on GluR1 and GluR2 was localization to the plasma membrane fraction and not to the cytoplasmic fraction due to the enrichment of GluRs in plasma membranes and to the dominance of FMRP as a regulator of GluR synthesis in the spine domain (Muddashetty et al, 2007; Schutt et al, 2009; Pfeiffer and Huber, 2007) . Moreover, as in a mature neuron the majority of the GluR protein in the membrane surface is localized in synapses, the plasma membraneenriched fraction is characterized by a high degree of synaptic expression.
FMRP levels in male cortices were affected by neither genotype nor treatment. In agreement with this observation, the GluR1/GluR2 ratio was unaffected in the plasma membrane-enriched fractions in all male groups. On the other hand, there was an increase in cytoplasmic GluR1 levels in male mice treated neonatally by GVG. Thus, in both male and female mice, there was a correlation between FMRP and plasma membrane GluR1/GluR2, whereas cytoplasm GluR1 levels were independent of FMRP levels.
Reelin and FMRP, two molecules associated with the local regulation of synaptic AMPARs, were similarly regulated by Mthfr deficiency and neonatal exposure to GVG in female mice, which also promoted an increase in the membrane GluR1/GluR2 ratio. Changes in the surface expression of GluR1 and GluR2-3 following high-frequency stimulation (Lissin et al, 1998; Carroll et al, 1999; Shi et al, 1999; Hayashi et al, 2000) and different stimulants (Beattie et al, 2002) have been reported previously. An increase in the surface expression of GluR1 subunits was associated with long-term potentiation (Shi et al, 1999; Hayashi et al, 2000) , whereas GluR2 was associated with basal transmission and synapse scaling (Malinow and Malenka, 2002; Gainey et al, 2009) . Thus, the change observed in the membrane GluR1/ GluR2 ratio in GVG-treated and Mthfr-deficient female cortex may imply altered synaptic transmission and frequency response.
As both Fmr1 and reln gene transcription is known to be regulated by DNA methylation (Dong et al, 2005; Hansen et al, 1992) , we expected that the global DNA hypomethylation shown in Mthfr-deficient mice (Chen et al, 2001 ) would affect DNA transcription, resulting in the potentiation of Fmr1 and reln expression. However, the Fmr1 gene was unmethylated at the tested site in WT as well as in the Mthfr-deficient mice. Accordingly, we did not find any changes in the expression of these genes, which may suggest that the increase in the level of the corresponding proteins may be due to post-transcriptional modification or to lower degradation rates.
Altogether, gender-dependent alterations in important regulatory proteins in the excitatory synapse in the cerebral cortex of GVG-treated and Mthfr-deficient female mice may have a role in social behavior impairment and anxietyrelated behavior as reported previously (Levav-Rabkin et al, 2011) . None of the above changes were observed in male mice, supporting a correlation between the behavioral outcome and the change in the tested proteins.
It has been suggested that low levels of reln predispose the brain toward disorders such as autism and schizophrenia, in which the effect of the disorder on social behavior is a predominant feature. However, our findings suggest that higher levels of reelin may also perturb proper synapse function, also resulting in behavioral impairment.
A significant observation in this study comprised the differences between female and male mice, expressed by the response of synaptic proteins to GVG neonatal treatment and Mthfr + /À genotype. Sex hormones, in particular estradiol, have been shown to have a significant influence on various aspects of synaptogenesis and synaptic plasticity. For example, in different regions of the hippocampus, increased dendritic spines and synapse density correlate with enhanced estradiol levels (Woolley and McEwen, 1992; Segal and Murphy, 2001; Bender et al, 2010; Todd et al, 2007) . This action of estradiol is mediated by estrogen receptor (ER)b, which is involved in increased reelin protein levels (Bender et al, 2010) and in the levels of PSD95 and of the AMPAR GluR1 subunit (Zadran et al, 2009; Liu et al, 2008) . Enhanced estradiol results in the potentiation of excitatory synaptic potentials and an increased responsiveness to high-frequency stimulation (Liu et al, 2008) . Therefore, reduced MTHFR activity and GVG action may interact with estradiol pathways, resulting in an induction of reelin and GluR1.
In contrast, in male mice, ERb-mediated AMPA stimulation may already be induced by high basal levels of estradiol, and therefore, it cannot undergo further upregulation by genotype or treatment, as shown previously in the ventromedial nucleus of the hypothalamus (Todd et al, 2007) . In agreement with this report, the GluR1/GluR2 ratio was enhanced in the cortex of Sa-WT male mice compared with Sa-WT female mice, particularly in the plasma membrane. Moreover, elevated levels of FMRP may promote GluR1 and GluR2 regulation and its localization in the plasma membrane and possibly in the synapse.
Impairment of the GABAeric pathway is associated with altered social behavior and is indicated in autism, schizophrenia, and epilepsy. GAD65 but not GAD67 was regulated by the Mthfr genotype in a gender-dependent manner, and cytoplasmic levels of GABA Aa2 and gephyrin were modified in treatment, genotype, and gender-dependent manners.
The proportions of GABA Aa2 and gephyrin in the membrane-enriched fraction undergo downregulation by neonatal GABA enhancement and the Mthfr genotype, indicating a possible disruption in GABA receptor clustering and responsiveness (Marchionni et al, 2009; Kneussel et al, 1999; Tretter et al, 2008; Yu et al, 2007) . On the other hand, upregulation of GABA Aa2/gephyrin was genotype dependent and could also indicate impaired function. Despite the derivation of the cytoplasmic and membrane levels of these proteins from the same protein source, it is impossible to make predictions about one based on the other. Therefore, a reduced or elevated ratio of these proteins in the membrane is difficult to interpret, but either suggests a change in basal inhibition properties.
The majority of ERb-expressing cells in various brain regions, including the cerebral cortex, are parvalbumin (PV)-immunoreactive neurons (Blurton-Jones and Tuszynski, 2002) , which indicates that they are associated with GABAergic transmission. Moreover, estradiol specifically and directly regulates GAD65 transcription via both ERa and ERb receptors (Hudgens et al, 2009) . Thus, GABA potentiation may distinctively affect GAD65 and other components of the GABAergic system in male and female mice. The lack of an effect by GVG treatment on GAD65, in both male and female cortices as found in our study, may be explained by the prepubertal age of treatment, during which time the estradiol levels in both genders are relatively low. On the other hand, we observed gender-dependent Mthfr + /À genotype effects on GAD65 activation. However, this may be an indirect effect, as previous reports showed that GAD67, but not GAD65, was highly sensitive to methylation status (Dong et al, 2005; Dong et al, 2007) .
A variety of post-translational modifications, such as acetylation, phosphorylation, ubiquitylation, and lysine and arginine methylation, can influence protein activity and availability. We tested global protein methylation to determine whether Mthfr + /À genotype and/or treatment produce such an effect. Although a clear difference in protein methylation was observed in the immature brain of Mthfr-deficient mice, no clear effect of treatment was detected.
Overall, the results presented here support a significant interaction of gender, Mthfr deficiency, and neonatal GABA potentiation in the regulation of proteins associated with plasticity of the excitatory synapse. Considering the central role the excitatory synapse function has in various neurodevelopmental disorders, this study is a clear demonstration of how several epigenetic factors may predispose the developing brain to be highly susceptible to genetic or environmental factors.
